Effect of embedding multiwalled carbon nanotubes (MWCNTs) on low velocity impact response of quasi-isotropic asymmetric laminate of plain woven carbon fabric/epoxy was investigated. Laminates were embedded with 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs to improve impact resistance. Impact in laminates was conducted according to ASTM D7136 standard at an impact energy of 94.14 J corresponding to the impact velocity of 6 m/sec. Energy-time response, force-time response, and pyramidal damage area of laminates doped with varying weight percentage (wt.%) of MWCNTs were quantified and compared with laminate without MWCNTs. Absorbed impact energy increases by 13.53% on doping of 2 wt.% MWCNTs, whereas it decreases by 10.49% on doping 5 wt.% MWCNTs. Damage area is reduced on doping 2 wt.% MWCNTs in laminate.
Introduction
The properties like high strength, high stiffness, and low density have increased the demand of fiber reinforced polymer (FRP) composites. FRP composites have emerged as an alternative to traditional engineering materials and have wide scale application in aerospace, militaries, and automobiles sectors. However, high damage susceptibility of FRPs towards impact because of weak interface between plies is a concern for the application of FRPs. Weak interface causes delamination and matrix crack age leading to fiber failure. Therefore, many researchers have reported various modifications (design, hybrid combination, carbon nanotubes doping, etc.) in order to enhance the impact resistance of FRP laminates.
Karakuzu et al. [1] and Menna et al. [2] used GFRP laminates of different layup to analyze their impact characterization by simulating finite element models. Sevkat et al. [3] investigated the low velocity impact response of plain woven hybrid glass-graphite toughened epoxy composite. The stacking sequences of hybrid composite are glass fabric skin with graphite fabric as core and graphite fabric skin with glass fabric core. Gopinath et al. [4] emphasized two opposing influence of matrix on ballistic performance of the armor. Matrix engages more yarns and prevents their relative sliding which improves ballistic performance. On the contrary to this, it also reduces flexibility and interaction among various layers which reduces ballistic performance. Jiang and Shu [5] investigate the effect of internal sheet involved in two-layer sandwich composites, subjected to low velocity impact. Ghasemnejad et al. [6] fabricated hybrid composite beam by using glass/epoxy and carbon/epoxy composite. For improving impact response, hybrid composite beams were pinned by natural flax yarns before curing process. Addition of flax -pinning leads to improvement in impact resistance because it arrests the crack propagation. N. K. Singh and K. K. Singh [7] and Agarwal et al. [8] had done review on FRP (fiber reinforced polymer) laminates impacted by different type of impactor with varying velocity at different impact locations. Effect of boundary conditions, core type, and transverse reinforcement were also analyzed. Allaoui et al. [9] synthesized composite of MWCNTs and epoxy by varying weight percentage of MWCNTs. Double and quadruple increase in Young's modulus and yield strength was observed on addition of 1 wt.% and 4 wt.% MWCNTs. Transition of composite from insulator to conductor was observed by addition of 0.5 wt.% to 1 wt.% of MWCNTs. Ci and Bai [10] studied the reinforcement role of carbon nanotubes (CNTs) in epoxy composites with different matrix stiffness. In soft and ductile matrix, 2 Advances in Materials Science and Engineering CNTs as reinforcement shows significant effect. In stiff matrix, CNTs have weak interfacial interaction with matrix which is attributed to complete cross-linking of polymer molecules in stiff matrix. Hence, contributions of CNTs as reinforcement to the mechanical properties of composite are better for soft matrix. Tsantzalis et al. [11] investigated the improvement of toughness of CFRPs having resin doped with carbon nanofibers (CNF) and piezoelectric (PZT) particles. On mixing 1 wt.% of CNF in matrix, increase of 100% in fracture energy was observed which is attributed to extensive fiber bridging shown by CNF at fracture surface. On the other hand, doping of PZT particles reduces the fracture toughness because of brittle nature of impregnated particles. Lau et al. [12] investigated micromechanical properties and morphology of fracture surfaces of carbon nanotube composites pretreated at different temperature. Flexural strength of composite beam decreases by 10% on addition of 2 wt.% nanotubes. With temperature fracture surface shows variation, at 70 ∘ C fracture surfaces were perpendicular to nanotubes where as at −180 ∘ C fracture surfaces were parallel to nanotubes. This signifies shift of material nature from tougher to brittle with decrease in temperature. Kim et al. [13] investigated the flexural and wears behavior of carbon fabric/epoxy composite and carbon fabric/epoxy composite upgraded by 2 wt.% acids and saline treated MWCNTs. MWCNTs doped composite shows greater flexural modulus and strength than those of carbon/epoxy composite. Among the two MWCNTs doped composites, saline treated composite showed 10% and 15% greater flexural modulus and strength. Even the wear properties of saline treated composite were superior than acid treated composite. Soliman et al. [14] analyzed the effect of mixing 0.5 wt.%, 1 wt.%, and 1.5 wt.% functionalized MWCNTs in laminate of carbon woven fabric/epoxy. The addition of 1.5 wt.% MWCNTs increases the energy absorption and limits the damage size of carbon woven composites. Taraghi et al. [15] investigated impact response of woven Kevlar/epoxy laminate enriched with MWCNTs at ambient and low temperature (−40 ∘ C). At ambient temperature addition of 0.5 wt.% MWCNTs leads to 35% increase in energy absorption while at low temperature (−40 ∘ C) energy absorption increases by 34% on addition of 0.3 wt.% MWCNTs. Siegfried et al. [16] and Kostopoulos et al. [17] have done similar investigation on impact and after-impact properties of carbon fiber reinforced composites modified by multiwall carbon nanotubes (MWCNTs). The compression after impact (CAI) modulus increases by 15% on addition of MWCNTs and the laminate was able to withstand higher compressive stress with less deflection. The CAI strength of MWCNTs doped CFRPs shows increase of around 12-15% for different impact energy. Tehrani et al. [18] showed increase in tensile failure strain and absorbed impact energy of CFRP on addition of MWCNTs, while its tensile modulus and strength remained almost unaffected. Warrier et al. [19] fabricated glass fiber epoxy composites upgraded by CNTs in three different ways:
(1) Composite fabricated by fiber sized by CNTs and neat epoxy. Composite of sized fiber and neat epoxy showed maximum increase in glass transition temperature, coefficient of thermal expansion (transversely), and fracture toughness. Rahman et al. [20] analyzed the ballistic impact response of E-glass/epoxy composites treated by 0.3 wt.% and 0.5 wt.% of amino-functionalized multiwall carbon nanotubes (NH 2 -MWCNTs). An increase of 6% in ballistic limit velocity was observed on mixing 0.3 wt.% of NH 2 -MWCNTs. Exceptionally low density, high strength, and high hardness of carbon nanotubes (CNTs) make them potential structural element for reinforcement. Many researchers have shown that addition of carbon nanotubes to laminates advances their impact resistance. In this proposed investigation, quasi-isotropic asymmetric laminate of plain woven carbon fabric of 12 K 800 TEX 600 GSM supplied by CFW Enterprises (Delhi, India) and epoxy reinforced with 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs of resins were impacted and analyzed at impact energy of 94.14 J. Results show that addition of MWCNTs in epoxy maximizes the impact resistance if weight percentage of mixed MWCNTs is optimum.
Specimen Preparation
Quasi-isotropic asymmetric laminates of CFRP were fabricated by two types of layers: Ltd., Valsad, Gujarat, India, were used for fabrication of laminates. Multiwall carbon nanotubes were supplied by United Nanotech Innovations Pvt. Ltd. (Bangalore, India). Length and thickness of MWCNTs were ranging from 1 to 10 microns and 5 to 20 nm, respectively, with 98% of purity. Laminates with 0 wt.% MWCNTs were fabricated by impregnating carbon fabric by solution of epoxy and hardener mixed in mass ratio of 10 : 1. Whereas laminates doped with MWCNTs were fabricated by wetting carbon fabric with modified matrix. In order to modify matrix properties multiwall carbon nanotubes were mixed in epoxy by using probe ultrasonicator for avoiding excessive heat build-up MWCNT/epoxy solution was kept in ice tub (Figure 1(a) ). After 1 hr of ultrasonicating hardener was mixed using hand stirrer at 950 rpm for 10 minutes. This two-phased MWCNT/resins solution was used to impregnate carbon fabric for fabricating MWCNTs doped laminates. Laminates with or without MWCNTs were fabricated by hand layup method followed by vacuum bagging method as shown in Figure 1(b) .
Experimental Setup
The specimen used for conducting drop weight impact test, on Instron-CEAST 9350 ( Figure 2 ) by following ASTM D7136, had dimension of 100 mm × 100 mm × (3.9 ± 0.2) mm. Square specimen was rigidly clamped in a frame leaving central unsupported area of 1256 mm 2 for impact. Hemispherical headed impactor of diameter 20 mm was impacted at impact energy of 94.14 J corresponding to an impact velocity of 6 m/sec. Three samples of each type of specimen were impacted for the reliability of results. as shown in Figure 3 . On the contrary, addition of 5 wt.% MWCNTs reduces energy absorption to 51.37 J (shown in Figure 3 ).
Result and Discussion
The reduction of 10.49% in energy absorption is attributed to formation of viscous mixture of epoxy by adding 5 wt.% MWCNTs, which does not impregnate/wet fibers resulting in weak interfacial bond between fiber and matrix as shown in Figure 4 . These improper wetting also leads to creation of voids and crack initiative points in the laminate. On mixing 2 wt.% MWCNTs energy absorption of laminate was increased by 13.53%. This increase was observed because mixture of epoxy and 2 wt.% MWCNTs wets/impregnates fibers as good as pure epoxy in case of laminate without MWCNTs (shown in Figure 4) , and availability of randomly oriented MWCNTs in matrix provides additional reinforcement in all direction which act as bridging agent and prevent propagation of cracks.
Force-Time Response.
Fibers in fiber reinforced laminate bear the maximum load; therefore, doping of MWCNTs in matrix does not bring significant improvement in load carrying capacity of laminates. Maximum load carrying capacity of used asymmetric CFRP laminates embedded with 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs is 15.86 KN, 17.26 KN, and 18.43 KN, respectively. The marginal improvement of 1.4 KN and 2.6 KN in load carrying capacity of laminates doped with 2 wt.% and 5 wt.% MWCNTs, respectively, is attributed to the extra load carried by MWCNTs doped as reinforcement in matrix. As shown in Figure 4 , nature of force-time relation is same for laminate having 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs. In the beginning force increases slowly, which is the result of an oscillation of the laminate after first contact of impactor. When the laminate moves back upward the force increases steeply to its maximum value. After peak value there is sudden drop in force signifying commencement of fiber breakage, and then several small valleys and peak signify redistribution (unloading and reloading) of force after breakage of each fiber ( Figure 5 ). Figure 6 , typical failure pattern of asymmetric CFRP laminate with (2 wt.% and 5 wt.%) and without MWCNTs is pyramidal in structure. This pyramidal fracture is attributed to the plain woven carbon fabric used in fabrication of laminates. The height and width of pyramidal damage quantify the laminate fracture which involves fiber and matrix failure. As shown in Figures 7, 8 , and 9, the height of pyramidal damage is 9 mm, 5 mm, and 11 mm for laminates embedded with 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs, respectively. Similarly, the width of pyramidal damage is 25.8 mm, 19.6 mm, and 28.9 mm for laminate with 0 wt.%, 2 wt.%, and 5 wt.% MWCNTs, respectively.
Damage Evolution. As shown in
As shown in Figure 8 the size of damage on addition of 2 wt.% MWCNTs is small in comparison with neat epoxy composite. This is attributed to interaction between MWCNTs and matrix that arrests the development of damage by bridging around the crack in impacted area. On the contrary, the size of damage on addition of 5 wt.% MWCNTs is larger than the damage of laminate with 0 wt.% MWCNTs. Addition of 5 wt.% MWCNTs forms viscous solution of epoxy and leads to agglomeration of MWCNTs (shown in Figure 4(d) ). This viscous solution and MWCNTs agglomerate lead to weak matrix-fiber and matrix-MWCNTs interface, respectively, which reduces bridging action leading to larger damage region in comparison to laminate with neat (0 wt.% MWCNTs) epoxy.
Conclusion
In this experimental study, low velocity impact response of quasi-isotropic asymmetric CFRP laminates embedded with MWCNTs was analyzed. Epoxy was doped with 0 wt.%, 
